Introduction
Disc degeneration, one of the major causes of low back pain, is characterized by dysfunctional cells followed by matrix degradation and the loss of proteoglycans [1, 2] . The current treatment for symptoms associated with disc degeneration is mostly surgical including fusion. Recently, cell therapy has been suggested as an alternative or complementary treatment option. The purpose would be to repair, replace, or enhance the function of disc cells. Therefore, basic knowledge about the normal regeneration process within the intervertebral disc (IVD) is important to the understanding of the underlying biology. There is limited knowledge about the process of disc degeneration as well as the normal regeneration in IVD. In the nucleus pulposus (NP) and inner part of annulus fibrosus (AF), the presence of progenitor cells niche and possible regeneration have been reported [3] [4] [5] . A recent report showed that progenitor cells from stem cell niches contribute to normal regeneration of the adult mammal IVD [6] . However, there is little knowledge about the changes of number of proliferation and progenitor cells with age in IVD, which may be closely correlated with disc degeneration.
Stem cells are characterized by the potential for selfrenewal and the ability to undergo a theoretically endless number of divisions. The progenitor cells are a kind of biological cells like stem cells that have tendency to differentiate into specific type of cells, but are already more specific than stem cells and pushed to differentiate into 'target' cells. Progenitor cells can move through the body and migrate towards the tissue where they are needed. The most important difference between stem cells and progenitor cells is that stem cells can replicate indefinitely, whereas progenitor cells can divide only a limited number of times. Many properties are shared by stem cells and progenitor cells. Stem cell niches are microenvironments where stem/ progenitor cells are in a resting state until certain signals activate them: for example, for growth or repair of an injury within the tissue. Different cell markers can be used to detect progenitor or stem cells within a tissue. Notch signaling is a primitive universal interspecies signaling pathway that decides cell fate as proliferation or differentiation [7] [8] [9] . Jagged1 (ligand to Notch) takes part in the Notch signaling [9, 10] . The Notch 1 receptor with a role in maintaining stem cell pools and mediating stem cell fate is also considered a mesenchymal stem cell (MSC) marker [11, 12] . C-KIT is a primitive progenitor/stem cell marker known to be expressed by bone marrow stem cells [13, 14] . CD166 (also known as ALCAM) is a generally accepted cell surface marker of MSCs [15, 16] and hematopoietic progenitor cells [17, 18] . Proliferating cell nuclear antigen (PCNA) is a cell cycling protein expressed in the proliferating cells.
The aim of this study was to investigate the changes in cell proliferation and progenitor cell markers with age in IVD cells from rabbits in two different age groups.
Materials and Methods
Tissue harvest Approval was obtained from the Fudan University Animal Care and Use Committee (Shanghai, China) for the use of New Zealand white rabbits. All animal experiment protocols were in compliance with 'Guidelines for the Care and Use of Laboratory Animals', as published by the National Academy Press (NIH Publication No. 85-23, revised 1996).
Twenty rabbits (regardless of gender) aged 6 months were chosen as the young group and 20 rabbits (regardless of gender) aged 2 years were chosen as the mature group. From each group, eight rabbits were used for flow cytometry analysis (L1-L6) and immunohistochemical analysis (L6-L7), eight for quantitative real-time polymerase chain reaction (qRT-PCR) (L1-L7), and four for western blot analysis (L1-L7). Each rabbit was euthanized by injection of an excess amount of sodium pentobarbital.
After euthanasia, the lumbar spines from levels L1 -L2 down to L6 -L7 were harvested immediately under sterile conditions. Intact L6 -L7 IVDs from the eight young and eight mature rabbits that were going to be used for flow cytometry and immunohistochemistry were separated and treated with 4% formaldehyde before paraffin embedment. From the rest of the lumbar spine in all rabbits the IVD tissue was harvested. Using blunt dissection the IVD tissue was separated into AF (including transition zone) and NP.
For cell isolation or protein extraction, AF tissues from six levels (five levels in the case of flow cytometry) in each rabbit were pooled. This pooling of six or five levels was also done for the NP tissues.
Flow cytometry analysis
Using the AF and NP tissues that had been harvested from the eight young rabbits and eight mature rabbits, primary cells were isolated by digestion with 0.2% protease (Sigma, St Louis, USA) for 60 min followed by digestion with 0.025% collagenase P (Sigma) for 6 h in Dulbecco's modified Eagle's medium (Gibco, Uxbridge, UK) containing 10% fetal bovine serum in a 378C incubator with 5% CO 2 . At the end of digestion, the cells were recovered by filtration through a 75-mm cell strainer and centrifugation [19] . Cells were rinsed with phosphate-buffered saline (PBS) and subsequently fixed in ice-cold ethanol (70%; v/v) overnight. The fixed cells were then washed twice with PBS followed by re-suspension in 1 ml of cell cycle staining solution (Multisciences, Hangzhou, China) for 30 min at room temperature. Analysis of the cell cycle was conducted using FACScalibur flow cytometry (BD Biosciences, San Jose, USA), and the results were analyzed using the ModFitLT V3.0 software (Verity Software House, Inc., Topsham, USA).
Immunohistochemistry
Using the intact L6 -L7 lumbar IVDs from the eight young and eight mature rabbits, paraffin sections (10 mm) were cut in transverse direction and then deparaffinized with xylene (10 min, twice) and rehydrated in 99%, 95%, and 70% ethanol for 5 min in each solution. Antigen retrieval was performed by heating slides in 10 mM citrate buffer (PCNA and Jagged1) or Tris-EDTA, pH 9.0 (Notch1, C-KIT, and CD166) in a domestic microwave (750 W) set on high for 2.25 min and then medium for 7.5 min. All samples were blocked for 15 min with 2% bovine serum albumin (Sigma) before being incubated with primary antibodies ( Table 1) for 12 h at 48C and 2 h at room temperature with goat anti-rabbit immunoglobulin G(Maixin, Fuzhou, China). Diaminobenzidine was then used as a Change of progenitor/stem cells with age in rabbit IVD sensitive chromogen for light microscopy. The results were visualized using an Olympus BX51 microscope (Tokyo, Japan) and photographs were captured with a digital camera (Olympus DP71). For negative controls the primary antibody was omitted. Because most NP tissue had been missing during antigen retrieving, we could not get a suitable slice for NP tissue analysis, so only results of AF tissue were analyzed.
RNA isolation and reverse transcription
Using the AF and NP tissues that had been harvested from the eight young rabbits and eight mature rabbits, primary cells were isolated using the same processes as described above for flow cytometry analysis. Total RNA of each sample was extracted using the RNeasy mini kit (Qiagen, Valencia, USA) according to the RNeasy mini protocol. The RNA was treated with DNase I (Qiagen) to remove DNA contamination of the samples. The concentration of the isolated RNA was determined with a DU-500 spectrophotometer (Beckman, Fullerton, USA) at 260 nm. The ratio of absorbance at 260 versus 280 nm was between 1.6 and 1.8.
Reverse transcription was carried out in a total volume of 20 ml with 200 ng of total RNA to synthesize complementary DNA (cDNA) using PrimeScript RT reagent kit (TaKaRa, Dalian, China).
Real-time PCR
qRT-PCR was performed to determine mRNA levels of PCNA, Notch1, Jagged1, C-KIT, and CD166. The primers (Invitrogen, Carlsbad, USA) that used for RT-PCR are listed in Table 2 .
The total reaction volume was 20 ml, including 2 ml of cDNA, 0.4 ml of each primer for each sample, 7.2 ml of RNase-free water, and 10 ml of SYBR green 2Â premix (TaKaRa). RT-PCR was performed with the following protocol: activation at 958C for 15 s and 40 cycles (denaturation for 15 s at 958C, annealing for 30 s at 608C, and extension for 30 s at 728C). To confirm amplification specificity, the PCR products were subjected to a dissociation curve analysis. Threshold cycle (Ct) of each reaction was standardized according to GAPDH using the comparative 2 2DDCt method.
Western blot analysis
The AF and NP tissues from the four young rabbits and four mature rabbits were quickly frozen with liquid nitrogen, and then ground using a mortar and pestle. The ground tissue was lysed and homogenized in 1 ml of RIPA lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, and 1% sodium deoxycholate) (Beyotime, Hangzhou, China) plus 1 : 100 volume of phenylmethylsulfonyl fluoride. The lysates were centrifuged and the total protein content in the obtained supernatants was measured using a BCA assay kit (Beyotime). An equivalent amount of protein (40 mg) was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto 0.45-mm PVDF membrane (Beyotime). The membrane was first blocked with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h and then incubated overnight at 48C with primary antibodies ( Table 1) . After being washed three times with TBST, the membranes were incubated with horseradish peroxidase-labeled secondary antibody at a dilution of 1 : 5000 for 1 h at room temperature. Blots were visualized using BeyoECL plus (Beyotime) and the ImageLab software (BioRad, Hercules, USA) was used for densitometric analysis of the bands.
Statistical analysis
Data were analyzed using SPSS 13.0 for Windows (SPSS Inc, Chicago, IL) and reported as mean and standard error of the mean (SEM) for description. Two-tailed Student's t-test was used to compare the normalized results. The error bars in the figures present the SEM. P value of less than 0.05 was used to define statistical significance.
Results

Macro inspection
During disc dissection, it was observed that the NP of the young rabbits was clear and watery in appearance, while it was more semi-solid, less watery (desiccated), and opaque in the mature rabbits. The boundary between the AF and NP of the young rabbit discs was sharp and well-defined, while in the mature rabbit discs, the boundary was less clear. This lack of a clear boundary is generally seen in other mature animals (Fig. 1) . 
Change of progenitor/stem cells with age in rabbit IVD
Cell proportions in the G2/M phase
The result of cell cycle analysis using flow cytometry showed the cell proportions in the G2/M phase for the young rabbits (AF, 12.89% + 1.06% and NP, 13.03% + 0.54%) were significantly higher than that for the mature rabbits (AF, 8.304% + 0.77% and NP, 8.727% + 1.12%) (P , 0.01). No significant difference was observed between AF and NP of the same age group (Fig. 2) . These results indicated that the IVD of young rabbit possesses more proliferating cells (G2/M phase) compared with that of mature rabbit.
Immunohistochemical analysis of protein expression
Cells with positive labeling of PCNA, Notch1, Jagged1, C-KIT, and CD166 were detected both in the AF of the young rabbits and the mature rabbits (Fig. 3) . It demonstrated that there existed proliferating and progenitor/stem cells in rabbit IVDs. The number of immunopositive cells were not calculated and compared between the two groups because the distribution of proliferating and progenitor cells in IVDs were heterogeneous and a single section could not represent the whole disc.
Difference in the mRNA expression between young and mature rabbits In the NP tissue, the gene expressions of PCNA (YNP, 3.19 + 1.47; MNP, 1.62 + 1.55) and C-KIT (YNP, 2.81 + 0.24; MNP, 1.09 + 0.22) were significantly higher in the young rabbits as compared with the mature rabbits (P , 0.05). But the differences between young and mature were not statistically different for Notch1, Jagged1, and CD166 (Fig. 4) (Fig. 4) .
Difference in protein expression between young and mature rabbits In NP tissue, the young rabbits compared with the mature rabbits showed significantly higher levels of protein expression for PCNA (1.95 + 0.36, P , 0.05), Jagged1 (1.97 + 0.14, P , 0.01), Notch1 (3.26 + 0.42, P , 0.01), and C-KIT (1.48 + 0.13, P , 0.05); the expression of CD166 in mature group was too low to be detected (Fig. 5) . In AF tissue, the young rabbits showed significantly higher levels of protein expression for PCNA (8.26 + 2.07, P , 0.01), Jagged1 (2.63 + 0.65, P , 0.05), Notch1 (1.83 + 0.35, P , 0.05), C-KIT (1.41 + 0.11, P , 0.05), and CD166 Change of progenitor/stem cells with age in rabbit IVD (1.34 + 0.03, P , 0.05) (Fig. 5) , when compared with the mature rabbits.
Discussion
The most important results of this study are: (i) both proliferation and progenitor cells exist in rabbit IVDs; (ii) the IVDs of young rabbits possess a higher proportion of proliferating cells than the IVDs of mature rabbits; (iii) the gene and protein expression of PCNA, C-KIT, Notch1, Jagged1, CD166 (which are related to cell proliferation and/or progenitor cells) are all, in general, higher in the IVDs of young rabbits compared with mature rabbits. These results demonstrated that cell proliferation and Figure 3 Immunohistochemical staining of rabbit IVDs Results showed the expression of PCNA, C-KIT, CD166, Notch1, and Jagged1 in AF of both young (6 months) and mature rabbits (2 years). Magnification: Â200, inset: Â400. Scale bar¼100 mm.
Change of progenitor/stem cells with age in rabbit IVD progenitor cell markers decrease with age in the IVD cells of rabbits. The IVD has often been described as an organ that has a limited intrinsic capacity for repair and regeneration and, with age, goes through a continuous degeneration process [20] [21] [22] . There is relatively little published information on normal proliferation and regeneration processes in the IVD. Stem cells and progenitor cells have been found in different organs or tissues, e.g. heart [23, 24] , intestine [25] , articular cartilage [26] , and ligamentum flavum [27] . It is believed that stem cells or progenitor cells play an important role in maintaining the cellular organization, structure of the organs, and replacing cell loss during normal tissue turnover [28] [29] [30] [31] . It was reported about the presence of progenitor cells in the IVD, and the presence of stem cell niches in outer AF region and in an area adjacent to the epiphyseal plate was suggested [3] [4] [5] . A previous study showed that MSC can be isolated from human degenerated NP and these NP-derived MSC had similar properties to bone marrow-derived MSC from the same subject [32] . The concept that migrating progenitor cell from stem cell niches contribute to normal regeneration of IVD has also been supported by a recent report [6] . The number of hematopoietic stem cells decreases with aging both in mouse [33] and human bone marrow [34] . Also in vertebra the mesenchymal stromal stem cells were found to decrease with age, which may be the responsible for the age-related osteoporosis [35] . But with regard to the changes of number of proliferation and progenitor/stem cells with age in IVD, there is no relevant report. We found the existence of endogenous progenitor's cells in rabbit IVDs, and demonstrated that the number of progenitor cells decrease with age. It is suggested that a loss of progenitor cells with age in IVDs must play a role in disc aging and degeneration.
Cartilage is generally considered to lack or have a poor self-repair capacity. Cell renewal and progenitor cells have been found in the articular cartilage in the knee joint [36] [37] [38] . Modulation of progenitor cells in cartilage tissue in situ with up-regulating sox-9 can enhance their regeneration potential [39] . These results offered new insights in the development of novel therapeutics for osteoarthritis. In mammalian adult heart tissues, highly heterogeneous populations of stem and progenitor cells have been described and are considered to have regenerative potential [40] [41] [42] . A study by Bergmann et al. [23] indicated that cells in the human adult heart do renew, and that the turnover rate is 1% per year at the age of 20 years. This turnover rate decreases to 0.3% at the age of 75 years. Several stem cell mobilization agents such as granulocyte colony-stimulating factor and basic fibroblast growth factor are proved to stimulate and mobilize endogenous stem and progenitor cells that have protective or restorative effect on the injured brain [43] [44] [45] . Stimulating endogenous regenerative processes is becoming attractive as it could potentially provide a non-invasive therapy. Since cell proliferation and progenitor cells are found in IVDs, stimulating a self-regenerative process could be a rational alternative or complement to cell transplantation strategies for IVD degeneration. We found a significant decrease of proliferation and progenitor cells with age in rabbit IVD cells. These findings point to methods that could be designed to maintain the endogenous progenitor cells and stimulate their proliferation, thus preventing or inhibiting degenerative disc disease.
Considering the heterogeneous distribution of proliferating and progenitor cells in IVDs, the percentages of immunopositive cells were not calculated and compared between the two groups since a single section could not represent the whole disc. Instead, the difference at gene and protein expression levels of these markers between young and mature was analyzed with qRT-PCR and western blot analysis, respectively. We noticed that the results of qRT-PCR were not totally consistent with the results of western blot analysis. This inconsistency may have been caused by the lack of sample volume or post-translational modification. Change of progenitor/stem cells with age in rabbit IVD
The major limitation of our study was that there were only limited AF immunohistochemistry results because of our technical failure. The location and distribution of stem cell or progenitor cell in IVD could be analyzed if the whole disc included NP can be stained without tissue loss. Further study should be done using other methods like sagittal cutting slice including vertebral body.
In conclusion, both proliferation and progenitor cells exist in rabbit IVDs. The IVDs of young rabbits possess a higher proportion of proliferating cells and progenitor cells than the IVDs of mature rabbits. Methods designed to maintain the endogenous progenitor cells and stimulate their proliferation could be successful in preventing or inhibiting degenerative disc disease. Figure 5 The protein expression of Jagged1, Notch1, C-KIT, CD166, PCNA, GAPDH in rabbit discs (A) Quantification of protein levels in AF tissue using western blot analysis normalized to GAPDH. The graph represents the relative ratio of protein levels in young rabbit (YAF) versus old rabbit (MAF). (B) Quantification of protein levels in NP tissue using western blot analysis normalized to GAPDH. The graph represents the relative ratio of protein levels in young rabbit (YNP) versus mature rabbit (MNP). (C) Western blot analysis in AF tissue and GAPDH was used as loading control. (D) Western blot analysis in NP tissue and GAPDH was used as loading control. Values are presented as the mean + SEM (*P , 0.05, **P , 0.01). Experiments were performed in triplicates with essentially identical results.
